Religious festivals attract a large number of pilgrims from worldwide and are a potential risk for the transmission of infectious diseases between pilgrims, and to the indigenous population. The gathering of a large number of pilgrims could compromise the health system of the host country. The threat to global health security posed by infectious diseases with epidemic potential shows the importance of advanced planning of public health surveillance and response at these religious events. Saudi Arabia has extensive experience of providing health care at mass gatherings acquired through decades of managing millions of pilgrims at the Hajj. In this report, we describe the extensive public health planning, surveillance systems used to monitor public health risks, and health services provided and accessed during Hajj 2012 and Hajj 2013 that together attracted more than 5 million pilgrims from 184 countries. We also describe the recent establishment of the Global Center for Mass Gathering Medicine, a Saudi Government partnership with the WHO Collaborating Centre for Mass Gatherings Medicine, Gulf Co-operation Council states, UK universities, and public health institutions globally.
Introduction
Religious events and festivals can be attended by large numbers of pilgrims from within and outside the host country, geographic region, or continent. [1] [2] [3] [4] [5] One of the major public health concerns in relation to mass gatherings is the importation or exportation of infectious diseases, and spread between attendees and to the local population. [6] [7] [8] [9] The gathering of huge numbers of pilgrims can compromise the health system of the host countries. [10] [11] [12] [13] Additionally, the threat to global health security posed by infectious diseases that might be exported to the pilgrims' home country shows the importance of advance planning, global communication, public health surveillance, and response at religious mass gatherings. [14] [15] [16] [17] [18] The Hajj or pilgrimage to Makkah, Saudi Arabia, is one of the largest yearly religious mass gatherings worldwide, with more than 2 million people from more than 184 countries. 1, 2 Hajj is one of the obligatory fi ve pillars of Islam-a duty that all physically healthy, ablebodied adult Muslims must undertake once in their lifetimes if they can aff ord it, 1, 2 and is undertaken over 5 days during Dhul Hijjah 8-12, the 12th month of the Islamic calendar (fi gure 1). The proximity between pilgrims due to the crowded accommodation, congregation, and prayers creates an ideal environment for transmission of infectious diseases, many of which are preventable if appropriate measures are taken. In this report, we describe the extensive public health planning and surveillance systems that were used to monitor public health risks, and provision of and access to health services during Hajj 2012 and Hajj 2013, which together attracted more than 5 million pilgrims from 184 countries.
Search strategy and selection criteria
We searched PubMed and Google Scholar for Englishlanguage papers that were published from 1940 to 2014, Cochrane Library from 2001 to 2013, and Embase from 2001 to 2012 with the terms "Hajj" and "mass gatherings" in combination with each of the following: "infectious diseases", "communicable diseases", "health services", "planning", "mass gatherings", "vaccination", and "immunisation". We also searched for publications by WHO and the US Centres for Disease Control and Prevention for 2001-13. We reviewed studies cited in articles identifi ed in our searches and selected those that we identifi ed as relevant. We also had access to the Saudi Ministry of Health's Hajj reports for 2010-13.
Arabia through the 16 ports of entry (94% through the two airports at Jeddah and Medina, 5% through the 11 land ports, and 1% through the three sea ports).
Pre-Hajj public health preparedness
The Saudi Government has a well established system for the planning, communication, security, health, safety, and administrative issues in relation to the Hajj. To minimise the health risks to the pilgrims, the Saudi Ministry of Health liaises with governments of all countries from which pilgrims visit Makkah and Medina throughout the year. The public health measures for Hajj are focused on provision of safe water and food supplies, sanitation, vector control, pre-travel health regulations and advice about vaccinations, health checks, and specifi c immunisation at the port of entry, health education campaigns, and provision of free health care to pilgrims through several clinics and hospitals. A proactive public health programme is initiated before each Hajj, with focus on prevention and surveillance of health hazards, and health-care provision during the pilgrimage. Before each Hajj, the Saudi Ministry of Health disseminates the health requirements for issuance of travel visas, and provides advice about public health guidelines to prevent the spread of respiratory and gastrointestinal infections. [21] [22] [23] [24] [25] This advice is re-enforced with widespread health education and prevention campaigns through reading materials, travel agents, pilgrims' group leaders, and media communication during the Hajj.
Infectious disease alert and response
The Hajj poses enormous logistical and planning challenges for the protection of the health of pilgrims [21] [22] [23] [24] [25] [26] [27] and Saudi residents and for the maintenance of national and global health security. The Saudi Government's success in alert and response planning for infectious diseases is attributable to a multidisciplinary group of experts from various government sectors who are involved in the advance planning of health services, logistical support, and communications for the Hajj. Continuous monitoring of emerging infectious diseases ensures that, for example, infection with the Middle East respiratory syndrome coronavirus (MERS-CoV) in an individual 28 is not transmitted to other pilgrims, thereby avoiding a worldwide epidemic. The Saudi Government coordinates the Hajj activities through a supreme committee and 24 subcommittees for the Hajj. 16 
Figure 1: Stages of the Hajj
For the Hajj, pilgrims wear simple garments (white for male pilgrims), do prayers, and undertake a series of rituals and rites together as an expression of unity, equality, and solidarity irrespective of nationality, ethnic origin, sex, and social class. Pilgrims fulfi l each of the required prayer rituals by visiting and doing prayers in a particular order at several of the holy sites in Makkah, commencing at the Ka'aba. Although most pilgrims walk during the Hajj, some may use transport (eg, bus or trains) and those who have a disability or are elderly are pushed along in wheelchairs or carried on the shoulders of other pilgrims.
Ka'aba and Grand Mosque
More than 2 million pilgrims arrive in Saudi Arabia through various ports of entry
Makkah
Pilgrims circumperambulate the Ka'aba (Tawaf) seven times, while reciting prayers, and then briskly walk between the hills of Safa and Marwah seven times (Sa'i). Afterwards, the pilgrims proceed to Mina.
Pilgrims return to Makkah for the final Tawaf (seven times) and Sa'i (seven times)
Mina
Pilgrims do five daily prayers, starting with Fajr (morning prayer) and ending with Isha (evening prayer), and spend most of their time reading the Quran. Pilgrims then make their way to Mount Arafat.
On return to Mina, at the start of Eid-al-Adha festival, pilgrims participate in the Jamarat ceremony. An animal sacrifice is made and the meat is distributed to people who are poor. Men shave off the hair on their heads before doing prayers for Eid al-Adha.
Mount Arafat
Pilgrims devote their time to prayer from sunrise to dusk, while living in tents. They leave for Muzdalifah after sunset.
Pilgrims gather pebbles for the Jamarat ceremony in which pebbles are thrown at three stone pillars (symbolic of the devil). Before the sun rises, the pilgrims set off on their return to Mina. 
Gastrointestinal infections
During any mass gathering, including the Hajj, gastrointestinal infections are a major health hazard. Continuous surveillance of the threat of food poisoning and spread of several viral, bacterial, and protozoal pathogens is done routinely as part of the public health response for the Hajj. Many factors can have a role in causing gastrointestinal infections, including inadequate standards of food preparation, poor personal hygiene, contaminated water supply, the presence of asymptomatic carriers of pathogenic bacteria and parasites, and the large numbers of meals prepared and poorly stored by pilgrims. Public health measures at the Hajj are focused on provision of safe water and food supplies, sanitation, and vector control. A committee for the security control of main water sources in Makkah and the other holy sites does thorough inspections of the quality of drinking water. A daily inspection tour of water treatment plants is done to ensure that the chlorine pumping equipments function properly. Inspections of all main water supply sources and water tanks at various locations including schools, government departments, houses, mosques, hotels, and food stores in Makkah and the other holy sites are done throughout the year.
A committee for the removal of treated sewage water liaises with the Ministry of Health to ensure the safety of produce from irrigated vegetable farms. A thorough survey is done of kitchen workers at hotels and hospitals to identify potential carriers of gut pathogens and to ensure standards of food hygiene are maintained. All kitchens and samples of food and water are inspected to ensure compliance with the health regulations. Additionally, swabs from utensils and throats and nails of the people working in the kitchens are tested for the presence of pathogens. As a precaution, the Ministry of Health strongly enforces the regulation that pilgrims are not allowed to bring fresh food or agricultural products into Saudi Arabia.
Vector-borne diseases
Aedes, Culex, and Anopheles spp mosquitoes are present in Saudi Arabia and are vectors for transmission of 
Vaccination requirements
To keep the health risks to pilgrims to a minimum and to prevent importation or acquisition of communicable diseases during travel (panel), the Ministry of Health issues its own health regulations, [22] [23] [24] [25] which are updated every year. Before an entry visa for Hajj or Umrah can be issued, pilgrims are required to meet both sets of health regulations. The requirements for Hajj 2012 and Hajj 2013 included vaccinations against yellow fever, meningitis, and polio. All travellers arriving from countries in Africa, South America, and Central America must present a valid vaccination certifi cate for yellow fever at the border. Individuals without such a certifi cate will be off ered the vaccine and then observed for 10 days. All aircraft, ships, and other vehicles arriving from countries with a prevalence of yellow fever are required to have a valid certifi cate indicating that disinsection has been done according to WHO's recommendations to eradicate all insect vectors of disease. For Hajj 2013, compliance with vaccination against yellow fever for pilgrims from countries at risk was more than 99%. 19 To reduce the risk of invasive meningococcal disease, experts from 11 countries in the Middle East recommended vaccination with the quadrivalent conjugate meningococcal vaccine (ACYW135). 31, 32 Adults and children (aged >2 years) are given one dose of the quadrivalent polysaccharide ACYW135 vaccine. Pilgrims arriving from countries in the African meningitis beltnamely, Benin, Burkina Faso, Cameroon, Chad, Central African Republic, Côte d'Ivoire, Eritrea, Ethiopia, The Gambia, Guinea, Guinea-Bissau, Mali, Niger, Nigeria, Senegal, and Sudan-in addition to the vaccination, are given ciprofl oxacin tablets at the port of entry to reduce the prevalence of carriers of Neisseria meningitidis. Quadrivalent vaccination is given to pilgrims from within Saudi Arabia, residents of Makkah and Medina and Saudi Government staff who work during the Hajj.
For immunisation against polio, all pilgrims younger than 15 years who travel from countries where polio is reported to be prevalent are expected to be vaccinated against the infection. 24, 25 Irrespective of previous immunisation, a single dose of the polio vaccine is administered to pilgrims on arrival to Saudi Arabia from countries where polio has been reported. The number of pilgrims vaccinated against polio at port of entry is about 500 000. 5 For Hajj 2013, 430 490 doses of polio vaccine were administered at ports of entry to 99% of eligible pilgrims. 19 For seasonal infl uenza, the Saudi Ministry of Health recommends vaccination, particularly for people at increased risk of severe infl uenza-ie, pregnant women, children younger than 5 years, elderly people, and individuals who are immunosuppressed or have HIV/AIDS, asthma, or chronic heart or lung diseases. Seasonal infl uenza vaccination is recommended for pilgrims from within Saudi Arabia, particularly those who have the risk factors described above, and all Saudi health-care workers in Makkah and Medina.
For MERS-CoV, the Saudi Ministry of Health introduced recommendations 28 for Hajj 2013 based on the clinical, epidemiological, and scientifi c data [33] [34] [35] that were generated by the Saudi Global Center for Mass Gathering Medicine. According to current recommendations that are reviewed yearly, because of the high mortality rates associated with MERS-CoV infection, people with the following risk factors should postpone Hajj or Umrah for their own safety: individuals who are older than 65 years of age; individuals who have chronic diseases including diabetes, heart disease, kidney disease, respiratory disease, autoimmune disease, or immune defi ciency (congenital and acquired); people who are taking immunosuppressive drugs; individuals who have a malignant disease or a terminal illness; pregnant women; and children younger than 12 years. Furthermore, the Saudi Ministry of Health also advises all pilgrims to comply with the common public health guidelines to prevent the spread of respiratory infections.
The Saudi Ministry of Health closely monitors pilgrims' compliance with the international health regulations at all ports of entry-sea, land, and air. The largest numbers of pilgrims arrive through fi ve main ports including King Abdulaziz Airport in Jeddah, Prince Mohammad Airport in Medina, and Hallat Ammar ground crossing in Tabouk. The immunisation status of each pilgrim is checked and, if relevant, appropriate vaccines and antibiotics are administered in clinical examination rooms and holding areas at the main hubs of the international airport terminals for the Hajj.
Information technology and surveillance
During Hajj, Saudi Arabia provides free medical care to all pilgrims in 25 hospitals with 5000 beds, including 500 beds for critical care. All communicable diseases of importance at mass gatherings are monitored-eg, respiratory tract infections, food poisoning, diarrhoeal diseases, invasive meningococcal disease, viral haemorrhagic fevers (dengue, Alkhurma, Marburg, Crimean Congo, Ebola, and Lassa), yellow fever, polio, and plague. The Command and Control Centre in Makkah uses the latest electronic health surveillance systems for rapid communication, and effi ciently initiates appropriate responses during Hajj. The web-based health-care surveillance network (fi gure 3) is used by the Command and Control Centre and is organised into eight main components: investigations, outbreak management, immunisation, family health, notifi cations, work management, inventory, and national health safety network.
For the Global Center for Mass Gathering Medicine see http://gcmgm.com/ For WHO's recommendations for aircraft disinsection see http://www.who.int/ith/mode_ of_travel/aircraft_disinsection/en/ Information technology plays an essential part in the gathering of information in a database, from where it can be accessed for statistical analyses and decision making. All end-user surveillance stations gather and send data to the Hajj operation team at the Command and Control Centre through the major local area networks that connect all end-user stations with both wired and wireless connections to the centre. These end-user stations are hospitals, clinics, and medical centres in Mina, Arafat, and Muzdalifah. The information technology system gathers data, does the statistical analysis, and displays and transfers the results to the Command and Control Centre. These results are displayed on the video wall and interactive board. A digital pen was used in 2012 to convert the conventional paper-based system into a digital system for provision of demographic and medical data. Thus, the entire demographic and health data for each case can be captured and relayed rapidly. Information technology is also used by the ambulance information system to record data about medical and administrative procedures done by ambulance staff on patients. The data are transferred swiftly to the hospital emergency departments before the arrival of patients.
Hajj-related outbreaks
Several outbreaks of infectious diseases have been recorded at the Hajj. The fi rst such recorded outbreak was in 632 AD, when malaria was originally called yethrib fever. 36 A realisation of the adverse implications of the threat of malaria to public health at the Hajj focused the attention of the Saudi Government on enforcing the regional malaria eradication programme. 30 A wide range of viral and bacterial infections of the upper and lower respiratory tract can occur during the Hajj. [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] Bacterial and viral pneumonia are common causes of hospital admission in pilgrims. 39, 40, 43, 44 Factors that contribute to the spread of these pathogens include proximity between pilgrims, shared accommodation, and dust in the environment. Transmission of tuberculosis during Hajj is diffi cult to ascertain because of the long incubation. 41, 47 The risk of tuberculosis during the Hajj is estimated to be about 10% based on data from before and after screening visits for latent infection with Mycobacterium tuberculosis. 48 Most pilgrims come from areas that are highly endemic for tuberculosis 49 and many travel to Makkah with active disease or infection that is reactivated by stress. Pulmonary tuberculosis was a leading cause of hospital admission in patients with community-acquired pneumonia. Strategies to reduce the transmission of tuberculosis during the Hajj and development of an evidence base for appropriate intervention measures remains one of the priorities for the Saudi Ministry of Health.
Over the past decade, the emergence of several new coronaviruses and infl uenza viruses such as infl uenza A H1N1, severe acute respiratory syndrome (SARS)-CoV, and MERS-CoV have been a concern for the Saudi Ministry of Health. However, no major outbreaks have occurred at the Hajj as shown by the results of a cohort study of French pilgrims in 2012. 50 In 2009, fewer than 100 cases of infl uenza A H1N1 were reported during Hajj at the peak of the pandemic, and only 26 confi rmed cases during Umrah. 51 In another study, no infl uenza A H1N1 infection was detected in 559 pilgrims. 52 The results of this study, however, showed rapid infection with respiratory viruses and bacteria, particularly rhinovirus and Streptococcus pneumoniae. The Saudi Ministry of Health is assessing vaccines for prevention of pneumococcal infections. 53 The ministry is also in the process of defi ning the exact burden of pneumococcal sepsis (pneumonia, meningitis, or invasive disease) during Hajj. 53 Pneumococcal vaccines (polyvalent), specifi cally for people older than 65 years and those with splenectomy, are available. Additionally, other forms of prevention are widely available and are known to reduce the burden of disease associated with S pneumoniae. Although the eff ectiveness of pneumococcal vaccination for the prevention of S pneumoniae infections in elderly pilgrims is yet to be ascertained, these individuals might benefi t from vaccination with the polyvalent pneumococcal vaccine for the common pneumococcal serotypes that are circulating during Hajj.
MERS-CoV surveillance
In September, 2012, MERS-CoV was fi rst identifi ed as a new virus that causes fatal respiratory disease after identifi cation of a novel β coronavirus from a patient in I  II  III  IV  V   0   50   100 Jeddah, Saudi Arabia, who died from a severe respiratory illness. 54 By the end of March, 2013, 6 months after MERS-CoV was discovered, only 17 cases of MERS-CoV infection were reported globally 55 -including, nine from Saudi Arabia and four from one family case-cluster. 56 Alarmist media reports after the detection of cases of MERS-CoV infection in the UK, 57 France, 58 Germany, 59 and Italy 60 During Hajj 2012 and Hajj 2013, no cases of MERS-CoV infection were detected. Also, no cases were reported after pilgrims returned home. In a cohort study of 154 French pilgrims from whom nasal swabs were obtained before they returned to France, 83% had respiratory symptoms, but none tested positive for MERS-CoV infection. 50 58% of the French pilgrims in 2012 and 29% in 2013 had comorbidities that increased their risk of MERS-CoV infection. 50 By the end of 2013, no cases of MERS-CoV infection were reported in 5 million pilgrims who undertook the Umrah.
Invasive meningococcal disease
The crowded conditions at the Hajj increase the risk of transmission of N meningitidis and the development of invasive meningococcal disease. Two major outbreaks of Hajj-related meningococcal disease have been reported in Saudi Arabia. 61, 62 In 1987, during the outbreak of N meningitidis serogroup A, the incidence of infection was 640 cases per 100 000 pilgrims. 61 Three interventions were implemented by the Saudi Ministry of Health after the outbreaks: introduction of compulsory vaccination with bivalent A + C vaccine for all pilgrims (national or international), yearly vaccination campaigns for all people living near the pilgrimage sites, and compulsory administration of oral ciprofl oxacin to pilgrims from countries in the sub-Saharan Africa meningitis belt to minimise nasopharyngeal carriage. In 1992, although an increasing number of cases of N meningitidis serogroup A infection were detected, there was no epidemic. 62 During Hajj 2000 and Hajj 2001, 400 cases of a hypervirulent strain of W135 N meningitidis infection were reported in returning pilgrims and their contacts. 63, 64 The Saudi Ministry of Health responded by recommending the polysaccharide quadrivalent ACYW meningococcal vaccine for children older than 2 years and adults living in Makkah and Medina, children older than 2 years accompanying their parents on Hajj from within and outside of Saudi Arabia, health-care workers in Saudi Arabia, and government personnel serving the pilgrims.
Since 2006, only one case of invasive meningococcal disease has been reported in Medina during Hajj. 63 After the introduction of the ACYW vaccine in 2002, the incidence of this disease in Saudi Arabia fell over the years (fi gure 4). Concerns that mass immunisation with vaccines that do not protect against all serogroups could lead to an increase in the incidence of meningococcal disease caused by N meningitidis strains that are not included in the vaccine have not been substantiated. The Saudi surveillance data for invasive meningococcal disease showed a reduction in the number of Hajj-related cases and non-Hajj-related cases after the introduction of the ACYW vaccine in 2002. 63 Continued surveillance with yearly analysis of data is necessary to bring about the adaptation of public health measures and avoid future epidemics of invasive meningococcal disease during the Hajj in subsequent years. Data from Hajj 2011 and Hajj 2012 are very encouraging and no further cases have been reported of invasive meningococcal disease.
Gastrointestinal infections
Outbreaks of gastroenteritis due to food poisoning with Salmonella spp, Staphylococcus aureus, Bacillus cereus, or Clostridium perfringens toxin are common at all religious festivals, including the Hajj. 65, 66 Although no major foodborne outbreaks resulting in high mortality rates have been associated with the Hajj, gastroenteritis symptoms were reported in an Iranian group of pilgrims, 67 but the cause and source have not been ascertained. There are few reports of the incidence and cause of diarrhoea during the Hajj although diarrhoea is a common cause of hospital admission. 40, 44, 68 As the global cholera pandemic continues, [68] [69] [70] and outbreaks in countries where pilgrims come from are frequent, cholera is under constant surveillance by the Saudi Command and Control Centre. All cases of diarrhoea and people living in the same camps as the cases are quarantined and their contacts are 
Best evidence for public health interventions
The Hajj attracts increasing numbers of pilgrims every year. As the events in relation to the recent MERS-CoV outbreak show, the Hajj will continue to pose substantial public health challenges for health authorities in Saudi Arabia, the countries from where pilgrims travel, and worldwide. The introduction and spread of infectious diseases during and after the Hajj or any mass gathering event will remain important topics on the public health agendas for the foreseeable future. Nevertheless, the Hajj off ers a great opportunity for creating a health legacy that will enable improvements in health systems and services for mass gatherings. It presents major opportunities to do high-quality cross-sectional, case-control, and longitudinal cohort studies to generate an evidence base for the development of optimum recommendations for prevention, management, and control of infectious diseases and for sustaining global health security for Hajj 71 and other mass gatherings. The Saudi Ministry of Health established the Global Center for Mass Gathering Medicine in 2012 with the headquarters in Riyadh. This centre is a virtual research network of UK academic and public health institutions in partnership with the WHO Collaborating Centre on Mass Gatherings Medicine and WHO Global Capacity Alert and Response. This unique network will undertake longitudinal and cross-sectional cohort studies, review and publish reports, and has brought together a coalition of interested partners to gather and translate an appropriate evidence base into public health policy for use by countries that host mass gatherings. So far, the Global Center for Mass Gathering Medicine has established an overarching board chaired by the Saudi Minister of Health with membership of experts from the University College London, Public Health England, WHO, Saudi Council for Health Specialties, and the Saudi national research funding agency King Abdulaziz City for Science and Technology. The Global Center for Mass Gathering Medicine has held two scientifi c advisory committee meetings and an international conference. The centre has already embarked on achieving its mandates by undertaking research into the MERS-CoV outbreak, tuberculosis, and HIV in Saudi Arabia. [33] [34] [35] [72] [73] [74] [75] The centre's fi rst group of ten Saudi physicians has embarked on a diploma programme for mass gatherings medicine approved by the Saudi Council for Health Specialties. The current focus of research is on MERS-CoV and other respiratory viral infections and best strategies to prevent them. Through provision of a scientifi c evidence base the Global Center for Mass Gathering Medicine aims to drive the best health promotion, prevention guidelines and practice, and health education for attendees at the Hajj and other mass gatherings.
Conclusions
The spread of infectious diseases at a gathering of large numbers of pilgrims within a short space of time might be expected to compromise the health system of the host country. Additionally, infectious diseases pose a threat to global health security and show the importance of planning, communication, and public health surveillance and response at these religious events. Saudi Arabia has much experience of providing health care during religious mass gatherings through decades of managing millions of pilgrims who undertake Hajj. The formation of the Global Center for Mass Gathering Medicine and its network will serve as a unique platform for providing a research evidence base and for sharing knowledge about the safeguarding and improvement of the health of attendees at mass gatherings.
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